United States Patent

US007075819B2

(12) (10) Patent No.: US 7,075,819 B2
Deak 45) Date of Patent: *Jul. 11, 2006
(54) CLOSED FLUX MAGNETIC MEMORY 5,541,868 A 7/1996 Prinz
5,587,943 A 12/1996 Torok et al.
(75) Inventor: James G. Deak, Boise, ID (US) 5,966,323 A 10/1999 Chen et al.
6,028,780 A 2/2000 Nishimura
(73) Assignee: Micron Technology, Inc., Boise, 1D 6,266,289 Bl 7/2001  Dubovik et al.
(US) 6,269.018 Bl 7/2001 Monsma et al.
6,404,674 Bl 6/2002 Anthony et al.
1 *
(*) Notice: Subject to any disclaimer, the term of this g’gg?’ggg g 2%883 Iiﬁfﬁ??@?él """"""" 365/171
patent 1s extended or adjusted under 35 6:594: 175 Bl 77003 Torok ot al
U.S5.C. 154(b) by O days. 6,757,192 Bl 6/2004 Mukasa et al.
This patent is subject to a terminal dis- (Continued)
claimer. OTHER PUBLICATIONS
(21) Appl. No.: 11/091,258 W. D. Doyle, et al., “Electrodeposited Cylindrical Magnetic
Films,” J. Appl. Phys., 40, 1172-1181, Mar. 1969.
(22) Filed: Mar. 28, 2005 (Continued)
(65) Prior Publication Data Primary Examiner—Connie C. Yoha
US 2005/0169046 Al Aug. 4, 2005 (74) Attorney, Agent, or Firm—Lellert Jay & Polglaze, P.A.
Related U.S. Application Data (57) ABSTRACT
(63) Continuation of application No. 10/217,600, filed on A closed flux magnetic memory cell has a ferromagnetic
Aug. 13, 2002, now Pat. No. 6,885,576 pinned structure and a ferromagnetic free structure. Data 1s
j j o stored by controlling the relative magnetization between the
(51) Int. Cl. pinned and free structures. The free structure 1s formed as a
G11C 11/00 (2006.01) horizontally extending toroid, or tube, that 1s insulated from
(52) U.S.CL .cooooooioirren, 365/158; 365/117; 365/132;  the pinned structure. A first conductive line passes through
265 /65. 365 /66j' 265 /1735 the center of the free structure while a second conductive
: : : j j line 1s connected to the pinned structure. A third conductive
(58)  Field of Classification Sea;gg/i 176566 ??2/115382’ line can be formed through the free structure. This line is
Qee annlication file for complete séarcﬁ hi;to ’ insulated from the toroid and the first conductor. The third
bP P Y conductive line can also be located outside the free structure.
(56) References Cited In operation of one embodiment, the first and third conduc-

U.S. PATENT DOCUMENTS

4,887,236 A 12/1989 Schloemann
5,025416 A 6/1991 Prinz
5,140,549 A 8/1992 Fryer

tive lines are used to control the magnetized direction of the
free structure. A resistance between the first and second
conductive lines defines the data stored in the memory cell.

34 Claims, 8 Drawing Sheets

120

S

126
-
—
"'—
128 !__-‘

124

122



US 7,075,819 B2

Page 2
U.S. PATENT DOCUMENTS OTHER PUBLICATIONS
6,768,152 B1* 7/2004 HIgO .cooveviviniinininnnn.. 257/295 J. Deak et al. “A low-noise single-domain fluxgate sensor,”
2003/0117840 Al 6/2003 Sharma et al. Appl. Phys. Lett. 69(8), 1157-1159, Aug. 19, 1996.
2003/0123283 Al* 7/2003 Amano et al. .............. 365/173
2003/0189842 Al  10/2003 Deak * cited by examiner




U.S. Patent Jul. 11, 2006 Sheet 1 of 8 US 7,075,819 B2

110 108 /_)00
102 P A
1
j—>

1

108
04—~ R1
196 108

Fig. 18

' 710
104 R2
106 -
108




U.S. Patent Jul. 11, 2006 Sheet 2 of 8 US 7,075,819 B2

120

/ 122

128 ’_“ 124
e o




U.S. Patent

Jul. 11, 2006

02

\

V4

m,

-- ---'- l
- -'- *- -" -r- '- -1 - --
P P e WI'I'[E e
-I '.l-_-"'l+.-:1-‘! -"-il':. " -:.‘- . . - ‘.f".
+ "Il."" _'_-.'.:-1_. - l‘ ' - "":' g . 'F-."':"l- " 1."-'-1'.".' -1' : "'-
g nh. Sy T g e Cm_ ) o Fa Wy gy 48 w1
.- " "‘ 'l'l.l '-.- -I..". '!-1-'-....-'-" , -Il- ."I-:: I...-

\\\\\\\\\ = '

224 \\\\\\\\\\\\\\\

226

Fio. 3B

Sheet 3 of 8

US 7,075,819 B2

200

250




U.S. Patent Jul. 11, 2006 Sheet 4 of 8 US 7,075,819 B2

202

208 \\\‘

4@

Fig. 44

240

ptlonal half sele

\\\\\\\\\\\\\\\\\\\\\\\

— 242

i ;jj D =
230

SN
L

NNy 202
Fig. 4B




U.S. Patent Jul. 11, 2006 Sheet 5 of 8 US 7,075,819 B2

S ////////////////////

AN \m\ IIimmTT
._..-_,__ o el I N R e NG -.. 208

[ ] [

L]
-

OS5 \\\ "

}220
/////////////////// ek

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 202
Fig. 5

_\\,.

\'&\\\\m “\\\\ I

. 1-.‘:. ket 1._.-...-.::- : 280 , q_.,__ﬁ.,_hi__J,_“t_,__ ,_ =
m\\\\m\\\\\\ OO

i IIl\))))\\\\WlJ&\\\\\\\\\\\\\'III
NI A A

RS s
Fig. 6

280




U.S. Patent Jul. 11, 2006 Sheet 6 of 8 US 7,075,819 B2

Z5s '

ol DTGNS _-;:_ P TR HRERGE OO I . :.-p'.*-.--:-..:_.-.:-'_-.--:-::_- .'.-1-.-41.:,-':.' Ve
TR T A TR Y & V.Y ey T "
* -:-.":"_-‘:'r::‘..;..'-:ﬂ:". -::::"‘-‘.‘L‘:: :_":"l':\.‘ ' o
B SN RESERIVE N PR :.:*.-::.-..:-::‘ «.-:::.-:' :
s R sy -‘-'::.{':‘-'* HES LS B B A T O R R ST b SRR X -:‘:"::‘.".‘.-:.’-::". :
. 4{;‘:'_-:..-_: 'y -{ ;'.. '_-:. -_‘_ -'.1_:;:: "--: : 1.;_-:'::{;-.'_':.-;_-"'-{;: "_-: . -.'_:'::.;; :, '_-: . :,: . . {= '_: . -‘:.'_-_:;_ * '.-',-:' .."._- XY * -'.:_1. 3 .:: Er"-l:;:' -_.;: E ':"...‘_ Er{; -.-'_ :'_:'." :'i; :-_.."; :_' -

220 \\\\\\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\\\\\\\\\\\\\
v, /////// Gz sp N,

280 ”IIIIII LLLLLLL III’II(III
Z728 MMARMMHHHHEREREEEEEEEE RGN __|_.

Fig. 7




U.S. Patent Jul. 11, 2006 Sheet 7 of 8 US 7,075,819 B2

Simulated Total Write Current
Toroid Diameter = 200 nm

25
20
<<
&
“..g 15
3 10
0
0 200 400 600 800
Length (nm) —+— 1onm
—a— 10nm
—a— 5nm
Fig. 8
Simulated Write Current Density
Toroid Diameter = 200 nm
1.E+12
0.E+11
o"g 8.E+11
T.E+11
= 5 E+11
s 4E+11
?E 3E+11
D 2.E+11
oS 1.E+11
0.E+00
0 200 400 600 800
Length (nm) —— 15nm
—a— 10nm
—a— 5nm

Fig. 9



U.S. Patent Jul. 11, 2006 Sheet 8 of 8 US 7,075,819 B2

Control
Control __L, Circuitry 310 300
304 U8
Address —L~| aAddress Column decode

Circuitry

Row
302
312 _
306 t

Data ~L—~ | |/0 .
Circuitty KG———>{ Read/Write 314




Uus 7,075,819 B2

1
CLOSED FLUX MAGNETIC MEMORY

STATEMENT OF RELATED APPLICATION

This application 1s a continuation of U.S. patent applica-

tion Ser. No. 10/217,600 (allowed), filed Aug. 13, 2002 now
U.S. Pat. No. 6,885,576 and titled “CLOSED FLUX MAG-

NETIC MEMORY,” which 1s commonly assigned and incor-
porated by reference in its entirety herein.

FIELD OF THE INVENTION

The present invention relates generally to magnetic based
memory devices, and in particular, the present imvention
relates to magnetic random access memory (MRAM).

BACKGROUND OF THE INVENTION

Memory devices can be designed and manufactured using
numerous, different materials and storage techmiques. For
example, volatile dynamic memory devices are typically
tabricated using storage capacitors. Data 1s stored by chang-
ing the capacitor charge, and data 1s retrieved by sensing the
stored charge. Volatile static memory devices are designed
using latch circuits to store data. Non-volatile memory
devices, such as flash, use floating gate transistors to store
data. Each of the current memory devices sullers from any
one or more of the following: high manufacturing costs, high
power consumption, operating speed deficiencies, or scal-
ability. As such, different memory designs are being con-
sidered to address some of these problems. One type of
alternate memory 1s based on magnetic storage techniques.

Toroidal core memory arrays can be used to store data,
however, sensing the sign of the stored bit 1s destructive. In
addition, high density memory devices cannot be fabricated
due to the size of the ferromagnetic cores and the sense
voltage becomes too small to detect as the device 1s minia-
turized. Similarly, a plated wire memory cannot achieve
high density, due to the method of fabricating the wires and
decreasing sense voltages as the device 1s minmiaturized.

Prior magnetic random access memories (MRAM) use an
open magnetic structure for the sense layer. The open
magnet structure, however, causes problems with write
margin as the bit size 1s decreased.

U.S. Pat. No. 5,587,943 “Nonvolatile magnetoresistive
memory with fully closed flux structure”, issued Dec. 24,
1996, and describes a memory cell, including a storage
clement having a first structure with a plurality of layers.
Selected layers have magnetization vectors associated there-
with. The first structure exhibits giant magnetoresistance
(GMR), wherein the storage element has a ‘closed’ flux
structure 1n at least one dimension, and wherein the mag-
netization vectors are confined to the at least one dimension
during all stages of operation of the storage element. The
memory cell includes a means for reading information from
and writing information to the first structure and a selection
conductor for applying one or more selection signals to the
storage element to enable reading from and writing to the
first structure. Thus, GMR 1s used to detect the sign of the
bit. The GMR sensor 1nterrupts the closed flux structure or
the closed flux structure 1s entirely made up of GMR
materials.

U.S. Pat. No. 5,025,416 “Thin film magnetic memory
elements”, 1ssued Jun. 18, 1991, and describes closed flux
structures that are parallel to the water. A magnetic memory
clement 1s fabricated from a thin magnetic film wherein the
magnetic film 1s grown on a lattice-matched substrate and
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subsequently patterned to form a closure domain. The clo-
sure domain 1s comprised ol a plurality of legs that are
joined at domain walls. The imndividual legs are patterned in
the thin magnetic film to lie parallel to an easy axis of the
thin film crystal structure being used. Thus, each closure
domain represents a magnetic memory element.

For the reasons stated above, and for other reasons stated
below which will become apparent to those skilled 1n the art
upon reading and understanding the present specification,
there 1s a need 1n the art for an MRAM that has a closed tlux
structure that can be scaled to increase memory density.

SUMMARY OF TH.

INVENTION

(L]

The above-mentioned problems with MRAM and other
problems are addressed by the present mnvention and will be
understood by reading and studying the following specifi-
cation.

In one embodiment, data 1s stored in a closed magnetic
structure and sensing 1s accomplished using a magnetic
tunnel junction. The closed magnetic structure reduces cell-
to-cell interactions, and requires smaller write currents than
comparably sized flat film MRAM. Using a tunnel junction
to sense the direction of magnetization in the ferromagnetic
toroid (tube) allows this memory to be made at a much
higher density than discrete toroid or wire memories. Iso-
lating the bits also helps address the domain wall creep
problem associated with plated wire memories.

In one embodiment, a memory cell comprises a ferro-
magnetic pimned structure, a ferromagnetic free structure
insulated from the pinned structure, wherein the free struc-
ture has a tube-shape, a first conductor electrically coupled
to the pinned structure, and a second conductor passing
through the free structure and electrically coupled to the free
structure.

In another embodiment, a closed flux memory cell com-
prises a horizontally extending ferromagnetic hard layer, and
a horizontally extending tube-shaped ferromagnetic struc-
ture. The tube-shaped ferromagnetic structure 1s located
adjacent to the ferromagnetic hard layer with an insulating
layer therebetween. A conductive sense line is electrically
coupled to the ferromagnetic hard layer, and a conductive
write line 1s electrically coupled to the tube-shaped ferro-
magnetic structure and located inside the tube-shaped fer-
romagnetic structure. A conductive half-select line 1s located
inside the tube-shaped ferromagnetic structure and electri-
cally insulated from the write line and the tube-shaped
ferromagnetic structure.

A ferromagnetic memory cell comprises a ferromagnetic
toroid having an axis extending in a horizontal direction, and
a ferromagnetic layer insulated from the ferromagnetic
toroid. Data 1s stored by controlling a relative magnetization
between the ferromagnetic toroid and the ferromagnetic
layer.

A method of storing data in a ferromagnetic memory cell
comprises establishing a relative magnetization between
first and second ferromagnetic structures, wherein the first
ferromagnetic structure i1s a toroid and 1ts magnetization 1s
established by controlling a sum current through first and

second conductors. At least the first conductor passes
through the toroid.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1C illustrate a basic magnetic memory cell;
FIG. 2 1llustrates the basic construction of an MRAM cell
of one embodiment of the present;
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FIG. 3A illustrates a plan view of two MRAM cells;
FIG. 3B 1s a cross-section of one of the MRAM cells of
FI1G. 3A;

FIG. 4A illustrates a plan view of an alternate embodi-
ment of a memory cell;

FIG. 4B 1s a cross-section of the memory cell of FIG. 4A;

FIG. § illustrates an alternate embodiment of a memory
cell with an extended hard layer;

FIGS. 6 and 7 1llustrate alternate embodiments of memory
cells with hard bias magnets;

FIG. 8 illustrates a calculated total write current through
the center of a memory cell;

FI1G. 9 1llustrates a simulated write current density for the
same memory dimensions of FIG. 8; and

FIG. 10 1s a block diagram of a memory device of an
embodiment of the present invention.

DETAILED DESCRIPTION OF THE DRAWINGS

In the following detailed description of the preferred
embodiments, reference 1s made to the accompanying draw-
ings, which form a part hereotf, and in which 1s shown by
way of illustration specific preferred embodiments 1n which
the inventions may be practiced. These embodiments are
described 1n suflicient detail to enable those skilled 1n the art
to practice the invention, and 1t 1s to be understood that other
embodiments may be utilized and that logical, mechanical
and electrical changes may be made without departing from
the spirit and scope of the present invention. The following
detailed description 1s, therefore, not to be taken 1n a limiting
sense, and the scope of the present invention 1s defined only
by the claims.

Referring to FIGS. 1A-1C, a basic description of a
magnetic memory cell 100 1s described. In general, the
memory cell includes a pinned ferromagnetic layer 106, an
1solation layer 104 and a free ferromagnetic layer 102, FIG.
1A. The pinned layer 1s magnetized 1n one horizontal
direction 108, and the free layer can be magnetized 1n either
horizontal direction 108 or 110. As seen 1n FIG. 1B, the free
layer can be magnetized in a common direction 108 with the
pinned layer. In this state, a measured resistance R1 across
the cell 1s low. When the free layer 1s magnetized 1n an
opposite direction 110 to the pinned layer, FIG. 1C, the
measured resistance R2 across the cell 1s higher. As such, the
memory cell can be used to store and read different data
states. A major problem in implementing magnetic based
cells 1s iterference between adjacent cells. As such, reduc-
ing cell size and spacing to increase memory density 1s
difficult without addressing magnetic cross-talk.

One of the most diflicult problems in producing viable
high-density Magnetic Random Access Memory (MRAM)
1s producing memory elements with reproducible write
characteristics. The write problem 1s related to demagnetiz-
ing fields of the flat ferromagnetic layers typically used 1n
MRAM applications. This problem 1s addressed 1n embodi-
ments of the present invention by providing a sense layer in
cach MRAM bit that 1s a closed magnetic structure, such as
a toroid or tube.

Referring to FI1G. 2, the basic construction and operation
of an MRAM cell 120 of one embodiment of the present
invention 1s described. The memory cell includes a ferro-
magnetic pinned layer 122 that 1s magnetized 1n one direc-
tion, as described above, and an 1nsulation layer 124. A free
toroid or tube-shaped ferromagnetic structure 126 1s located
above, and 1solated from, the pinned layer. The present
invention 1s not limited to square or round tubes, and the

10

15

20

25

30

35

40

45

50

55

60

65

4

term tube-shaped 1s intended to describe any elongated
structure through which a conductor can be fabricated.

The pinned, or hard, layer 1s programmed in a first
horizontal direction. A bottom side of the toroid 140 1s
parallel to the pinned layer and can be magnetized in either
the clockwise or counter-clockwise direction (circumieren-
tial) as 1llustrated. The free layer 1s programmed by provid-
ing currents through both a write conductor 128 and a half
select conductor 130 which both pass through a center of the
toroid. That 1s, the sum of the currents (same direction)
through the two conductors result 1n either the clockwise or
counter-clockwise magnetization of free structure 126. The
benefit of using two conductors will be explained below. To
read the memory cell, a resistance between the write con-
ductor 128 (electrically coupled to free structure 126) and
the pinned layer 122 1s measured. Plan view and cross-
sections are illustrated and described below for different
embodiments of the present invention.

FIG. 3A 1llustrates a plan view of two MRAM cells 200
and 250 (not to scale). The memory cells are arranged 1n a
basic grid pattern with rows and columns used to read and
write data to the cells. In one direction 1s a cell sense line 202
that 1s parallel (row) to the fixed layer of the cells. Write
lines 204 and 206 are located perpendicular (column) to the
sense line 202 and pass through the center of the free toroid
portion 208 of the cell. A half-select line 210 runs generally
parallel to the sense line, but passes through the cells with
the write lines 204 and 206. As such, the half-select lines
form a “zigzag’ pattern. During operation, the sense and
write lines are used to read the memory cells, and the
combination of the write and hali-select line are used to
write the memory cells.

FIG. 3B is the cross-section of one of MRAM cell 200 of
FIG. 3A, as indicated by section line 3B—3B. The memory
cell includes a base layer 202, which forms the sense line.
Above the sense line 1s a hard layer 220. In one embodiment,
the hard layer 1s a stack of an anti-ferromagnetic material
226, such as IrMn, and a ferromagnetic material 224, such
as NiFe. The ferromagnet 1n the hard layer has a magneti-
zation that 1s fixed 1n a particular direction by an 1nteraction
(exchange) at the interface between the anti-ferromagnet and
the ferromagnet. The direction of the magnetization in the
hard layer 1s used as a reference.

The hard layer forms one side of a tunnel junction
FM/I'FM  stack  (ferromagnet/insulator/ferromagnet).
Located above the hard layer 1s a tunneling barrier 230. The
tunneling barrier 1s an msulating or semi-conducting mate-
rial. In one embodiment the msulator 1s AlOx (alumina). The
top ferromagnet layer 1s the free layer 208. The free layer
can be selectively magnetized 1n two opposite directions that
are parallel and anti-parallel to the direction of the magne-
tization in the hard layer. In one embodiment, the free layer
1s NiFe.

The hard layer 220, tunneling barrier 230 and free layer
208 form the tunnel junction. Note again that the hard, or
pinned layer contains a FM layer 224 that has a magneti-
zation that 1s fixed 1n one direction. The portion of the free
layer adjacent to the tunneling barrier may be magnetized
cither parallel or anti-parallel to the pinned layer. When the
portion of the free layer adjacent to 230 and the pinned layer
are magnetized parallel to each other, the resistance mea-
sured between the free layer 208 and the pinned layer 220 1s
a mimimum. When the portion of the free layer adjacent to
230 and the pinned layer are magnetized anti-parallel to each
other, the resistance measured between the free layer and the
pinned layer 1s a maximum. Thus the orientation of the
magnetization of the free layer relative to the hard (or
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reference layer or pinned layer) can be used to represent a bit
of data. The value of the bit (1 or 0) would correspond to a
low or high resistance measured across the junction.

The ferromagnetic material in the fixed and free layers
need not be the same, and 1t 1s also possible that one or both
of the ferromagnetic layers can be multilayers. This allows
for the addition of (but not limited to) synthetic ferromag-
nets and the use of dusting layers. In the above-described
embodiment, the bottom layer 202 1s not necessarily on the
waler side of the structure. It 1s also possible to build this
structure with the free layer closest to a water. That 1s, the
present invention 1s not limited to the vertical orientation
used to describe the cell.

The free layer 208 surrounds two conductors, the hali-
select 210 and write lines 204. The hali-select line 1s
insulated from the free layer by an insulating material 214,
such as AlOx. The wrnte line, 1n contrast, 1s electrically
connected to the free layer 208. The sense conductor 202 i1s
clectrically connected to the hard layer 220. The resistance
of the junction (and thus the value of the data stored 1n the
device) 1s read by measuring the resistance between the two
lines electrically connected to the free and hard layers.

There are several possible schemes for writing data to the
bit. These may involve either one of the lines passing
through the free layer and the hard layer line, all three lines,
or just the lines iside the free layer. It 1s advantageous to
keep the maximum voltage produced across the tunneling
barrier 230 to less than 1 volt when writing data to the bait.
This can be accomplished using the insulated line (hali-
select 210) 1n the free layer and the line (sense 202) under
the pinned layer 1t the insulating material in the free layer 1s
thick, or i1t can be accomplished using only the lines passing
through the free layer 11 the pinned layer line 1s floating. This
allows the generation of large currents 1n the write lines
without destroyving the tunneling barrier.

An alternate embodiment of a memory cell 260 1s
described with reference to FIGS. 4A and 4B. The hali-
select line 1s not located within the free layer. As such, this
embodiment does not require the insulator within the ferro-
magnetic toroid. The half-select line can be incorporated
with the sense layer, or optionally located on an opposite
side of the free layer from the hard layer 240 and separated
by insulator 242. In operation, current applied to the sense
line 202 (and possibly to the optional hali-select line 240 on
top of the toroid) tilts the magnetization of the toroid slightly
out of the circumierential direction, so that a particular value
of the current in the write line 204 can reverse the magne-

tization 1n the closed free layer. The optional half-select line
240 1s not 1illustrated 1n FIG. 4A.

Additionally, the hard layer 220 may be extended to
completely cover the entire sense line 202 1n the regions
between adjacent memory elements. This embodiment 1s
illustrated 1n FIG. 5. In another embodiment, hard bias
magnets 280 could be used between adjacent memory
clements 1n order to better stabilize the pinned layer, see
FIG. 6. The hard bias magnets can be mitialized 1 a
magnetic field at some point during the assembly/Tabrication
process. In another embodiment, hard bias magnet 280 can
be located under the memory elements 1n order to better
stabilize the pinned layer 220, see FIG. 7.

FIG. 8 illustrates a calculated total write current through
the center of a toroid required to switch the direction of the
magnetization 1f the bit has an outer diameter of 200 nm.
Each curve 1n the plot 1s for a different toroid thickness (3,
10, 15 nm). Note that the total write current decreases with
increasing length and decreasing thickness. In one embodi-

10

15

20

25

30

35

40

45

50

55

60

65

6

ment, the ferromagnetic free structure has a length up to
1000 nm, an outer diameter of up to 400 nm, and a thickness
of up to 40 nm.

FIG. 9 illustrates a simulated write current density for the
same toroid dimensions used in the write current calcula-
tions of FIG. 8. For good reliability, 1t 1s probably necessary
to keep the current density below 2e'' A/m?. In contrast to
MRAM’s use of flat open magnetic bits, the dimensions of
the toroidal bit can be adjusted to keep the current density in
this range.

A block diagram of a memory device 300 of the present
invention 1s illustrated i FIG. 10. The memory device
includes an array of memory cells 302 that are fabricated
according to the closed flux structures described above.
Address circuitry 304 1s provided to access the memory cells
using row 306 and column 308 decoders to analyze exter-
nally provided address signals. A control circuit 310 1s
provided to perform read and write operations in response o
externally provided control signals. Bi-directional data com-
munication with the memory array is performed by 1/O
circuitry 312 and read/write circuitry 314. It will be appre-
ciated by those skilled i1n the art, with the benefit of the
present description, that the memory device has been sim-
plified and that additional circuitry and features may be
required.

CONCLUSION

A closed flux magnetic memory cell has been described.
The memory cell has a ferromagnetic pinned structure and
a ferromagnetic Iree structure. Data 1s stored by controlling
the relative magnetization between the pinned and free
structures. The free structure i1s formed as a horizontally
extending toroid, or tube-shape, that 1s mnsulated from the
pinned structure. A first conductive line passes through the
center of the free structure while a second conductor 1is
connected to the pmned structure. A third conductive line

can be formed through the free structure. The third line 1s
insulated from the toroid and the first conductor. The third

conductive line can also be located outside the free structure.
In operation of one embodiment, the first and third conduc-
tive lines are used to control the magnetized direction of the
free structure. A resistance between the first and second
conductive lines defines the data stored 1n the memory cell.
Although specific embodiments have been 1illustrated and
described herein, 1t will be appreciated by those of ordinary
skill in the art that any arrangement, which 1s calculated to
achieve the same purpose, may be substituted for the specific
embodiment shown. This application 1s intended to cover
any adaptations or variations of the present invention. There-
fore, 1t 1s manifestly intended that this invention be limited
only by the claims and the equivalents thereof.
What 1s claimed 1s:
1. A method of storing data 1n a ferromagnetic memory
cell, comprising:
generating a first current in a first conductor passing
through a ferromagnetic free structure of the memory
cell;
generating a second current in a second conductor passing,
through or adjacent the ferromagnetic free structure of
the memory cell; and
generating a desired current density within the memory
cell, wherein the desired current density 1s a sum of at
least the first current and the second current;
wherein the ferromagnetic free structure of the memory
cell 1s separated from ferromagnetic free structures of
other memory cells.
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2. The method of claim 1, further comprising generating,
the first current 1n the first conductor passing through the
ferromagnetic free structure of the memory cell and electri-
cally coupled to the ferromagnetic free structure of the
memory cell.

3. The method of claim 1, further comprising generating,
the first current 1n the first conductor passing through the
ferromagnetic free structure of the memory cell and electri-
cally msulated from the ferromagnetic free structure of the
memory cell.

4. The method of claim 1, further comprising further
comprising generating the first current 1n the first conductor
passing through the ferromagnetic free structure of the
memory cell and electrically coupled to the ferromagnetic
free structure of the memory cell and generating the second
current 1n the second conductor passing through the ferro-
magnetic free structure of the memory cell and electrically
insulated from the ferromagnetic Iree structure of the
memory cell.

5. The method of claim 4, turther comprising;:

generating a third current 1 a third conductor passing

adjacent the ferromagnetic free structure of the memory
cell, electrically nsulated from the ferromagnetic free
structure of the memory cell and electrically coupled to
a ferromagnetic pinned structure of the memory cell;
wherein the desired current density 1s a sum of the first
current, the second current and the third current.
6. The method of claim 3, further comprising generating
the second current in the second conductor passing adjacent
the ferromagnetic free structure of the memory cell, elec-
trically insulated from the ferromagnetic free structure of the
memory cell and electrically coupled to a ferromagnetic
pinned structure of the memory cell.
7. A method of storing data 1n a ferromagnetic memory
cell, comprising:
generating a first current 1 a {first conductor passing
through a ferromagnetic free structure of the memory
cell, wherein the first conductor is electrically coupled
to the ferromagnetic free structure of the memory cell;

generating a second current 1n a second conductor passing,
through the ferromagnetic free structure of the memory
cell, wherein the second conductor 1s electrically insu-
lated from the ferromagnetic free structure of the
memory cell; and

generating a desired current density within the cell,

wherein the desired current density 1s a sum of the first
current and the second current.

8. The method of claim 7, wherein generating the desired
current density further comprises generating a current den-
sity of less than about 2E'" A/m”.

9. A method of reading data from a ferromagnetic memory
cell, comprising:

determining a relative magnetization between a ferromag-

netic free structure of the memory cell and a ferromag-
netic pinned structure of the memory cell;

wherein the ferromagnetic free structure 1s a toroid having

first and second conductors passing therethrough;

wherein the ferromagnetic pinned structure 1s adjacent the
ferromagnetic free structure and shared with at least
one adjacent memory cell; and

wherein the ferromagnetic free structure 1s spaced apart
from each adjacent memory cell.

10. The method of claim 9, wherein determiming the
relative magnetization between the ferromagnetic free struc-
ture of the memory cell and the ferromagnetic pinned
structure of the memory cell further comprises measuring a
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resistance between the ferromagnetic free structure of the
memory cell and the ferromagnetic pinned structure of the
memory cell.

11. The method of claim 10, wherein measuring the
resistance between the ferromagnetic free structure of the
memory cell and the ferromagnetic pinned structure of the
memory cell further comprises measuring a resistance

between the first conductor and a third conductor passing
adjacent the ferromagnetic free structure of the memory cell.
12. The method of claim 11, wherein the first conductor
1s electrically coupled to the ferromagnetic free structure,
and the third conductor 1s electrically coupled to the ferro-
magnetic pinned structure and 1s electrically insulated from
the ferromagnetic free structure of the memory cell.
13. A memory device, comprising;:
an array of closed flux memory cells containing at least a
first memory cell adjacent a second memory cell;
row and column decoders to access the array of memory
cells 1n response to externally provided address signals;
and
a control circuit provided to perform read and write
operations on the array of memory cells 1n response to
externally provided control signals
wherein the first memory cell comprises:

a ferromagnetic pinned structure;

a ferromagnetic free structure insulated from the pinned
structure, wherein the {ree structure has a tube-
shape;

a first conductor electrically coupled to the pinned
structure;

a second conductor passing through the free structure
and electrically coupled to the free structure; and

a third conductor passing through the free structure and
insulated from the free structure;

wherein the second memory cell comprises:

a ferromagnetic pinned structure;

a ferromagnetic free structure insulated from the pinned
structure, wherein the {ree structure has a tube-
shape;

a first conductor electrically coupled to the pinned
structure;

a second conductor passing through the free structure
and electrically coupled to the free structure; and

a third conductor passing through the free structure and
insulated from the free structure;

wherein the third conductor of the first memory cell
passes through 1ts free structure in a first direction
and 1s contiguous with the third conductor of the
second memory cell; and

wherein the third conductor of the second memory cell
passes through its free structure 1n a second direction
opposite the first direction.

14. A memory device, comprising:
an array of memory cells, wherein memory cells of the
array comprise:

a ferromagnetic pinned structure;

a ferromagnetic free structure insulated from the pinned
structure, wherein the {ree structure has a tube-
shape;

a first conductor electrically coupled to the pinned
structure; and

a second conductor passing through the free structure
and electrically coupled to the free structure;

row and column decoders to access the array of memory
cells 1n response to externally provided address signals;
and
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a control circuit provided to perform read and write
operations on the array of memory cells 1n response to
externally provided control signals;

wherein memory cells of the array further comprise a
third conductor passing through the free structure and
clectrically insulated from the free structure and the
first conductor.

15. The memory device of claim 14, wherein the pinned
structure of a memory cell comprises a stack of an anti-
ferromagnetic material and ferromagnetic matenal.

16. The memory device of claim 15, wherein the anti-
ferromagnetic material 1s IrMn, and the ferromagnetic mate-
rial 1s NiFe.

17. The memory device of claim 14, wherein the pinned
structure of a memory cell extends horizontally and 1s
magnetized 1n a first horizontal direction, and an axis of the
free structure extends horizontally and the free structure i1s
selectively magnetized 1n either a first or second circumier-
ential direction.

18. A memory device, comprising:

an array of closed flux memory cells, wherein the memory
cells each comprise:

a horizontally extending ferromagnetic hard layer;

a horizontally extending tube-shaped ferromagnetic
structure, the tube-shaped ferromagnetic structure 1s
located adjacent to the ferromagnetic hard layer with
an insulating layer therebetween;

a conductive sense line electrically coupled to the
ferromagnetic hard layer;

a conductive write line electrically coupled to the
tube-shaped ferromagnetic structure and located
inside the tube-shaped ferromagnetic structure; and

a conductive half-select line located mside the tube-
shaped ferromagnetic structure and electrically insu-
lated from the write line and the tube-shaped ferro-
magnetic structure;

row and column decoders to access the array of
memory cells 1 response to externally provided
address signals; and

a control circuit provided to perform read and write
operations on the array of memory cells 1n response to
externally provided control signals.

19. The memory device of claim 18, wherein the ferro-
magnetic hard layer of a memory cell comprises an anti-
ferromagnetic layer and a ferromagnetic layer located adja-
cent to the tube-shaped ferromagnetic structure.

20. The memory device of claim 18, wherein the tube-
shaped ferromagnetic structure of a memory cell has a
non-round shape when viewed as a vertical cross-section.

21. The memory device of claim 18, wherein the ferro-
magnetic hard layer of a memory cell 1s shared with adjacent
memory cells.

22. The memory device of claim 18, wherein the ferro-
magnetic hard layer and the tube-shaped ferromagnetic
structure of a memory cell comprise NiFe.

23. The memory device of claim 18, wherein the tube-
shaped ferromagnetic structure of a memory cell has a
length up to 1000 nm, an outer diameter of up to 400 nm, and
a thickness of up to 40 nm.

24. A memory device, comprising:

an array of closed flux memory cells, wherein the memory
cells each comprise:

a horizontally extending ferromagnetic hard layer;

a horizontally extending tube-shaped ferromagnetic
structure, the tube-shaped ferromagnetic structure 1s
located adjacent to the ferromagnetic hard layer with
an insulating layer therebetween;
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a conductive sense line electrically coupled to the
terromagnetic hard layer;

a conductive write line electrically coupled to the
tube-shaped ferromagnetic structure and located
inside the tube-shaped ferromagnetic structure; and

a conductive half-select line located adjacent to the
tube-shaped ferromagnetic structure and electrically
insulated from the tube-shaped ferromagnetic struc-
fure;

row and column decoders to access the array of

memory cells 1 response to externally provided
address signals; and

a control circuit provided to perform read and write
operations on the array of memory cells 1n response to
externally provided control signals.

25. The memory device of claim 24, wherein the ferro-
magnetic hard layer of a memory cell comprises an anti-
terromagnetic layer and a ferromagnetic layer located adja-
cent to the tube-shaped ferromagnetic structure.

26. The memory device of claim 24, wherein the tube-

shaped ferromagnetic structure of a memory cell has a
non-round shape when viewed as a vertical cross-section.

27. The memory device of claim 24, wherein the ferro-
magnetic hard layer of a memory cell 1s shared with adjacent
memory cells.

28. The memory device of claim 24, wherein the ferro-
magnetic hard layer and the tube-shaped ferromagnetic
structure of a memory cell comprise NiFe.

29. A memory device, comprising:

an array of closed flux memory cells, wherein the memory
cells each comprise:

a horizontally extending ferromagnetic hard layer;

a horizontally extending tube-shaped ferromagnetic
structure, the tube-shaped ferromagnetic structure 1s
located adjacent to the ferromagnetic hard layer with
an insulating layer therebetween;

a conductive sense line electrically coupled to the
ferromagnetic hard layer;

a conductive write line electrically coupled to the
tube-shaped ferromagnetic structure and located
inside the tube-shaped ferromagnetic structure;

a conductive half-select line located inside the tube-
shaped ferromagnetic structure and electrically 1nsu-
lated from the write line and the tube-shaped ferro-
magnetic structure; and

a hard bias magnet located adjacent the ferromagnetic
hard layer;

row and column decoders to access the array of
memory cells 1 response to externally provided
address signals; and

a conftrol circuit provided to perform read and write
operations on the array of memory cells 1n response to
externally provided control signals.

30. A memory device, comprising:

an array of memory cells, wherein each of the memory
cells of the array comprises:

a ferromagnetic pinned structure;

a ferromagnetic free structure insulated from the pinned
structure;

a first conductor passing through the ferromagnetic free
structure and electrically coupled to the ferromag-

netic free structure; and
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a second conductor passing through the ferromagnetic
free structure and electrically insulated from the
ferromagnetic free structure and the first conductor;

row and column decoders to access the array of memory
cells 1n response to externally provided address signals;
and
a control circuit provided to perform read and write
operations on the array of memory cells 1n response to
externally provided control signals.
31. The memory device of claim 30, wherein each
memory cell of the array turther comprises a third conductor
clectrically coupled to the ferromagnetic pinned structure

and electrically insulated from the ferromagnetic free struc-
ture.

10

12

32. The memory device of claim 30, wherein the ferro-
magnetic pmned structure of a memory cell comprises a
stack of an anti-ferromagnetic material and ferromagnetic
material.

33. The memory device of claim 30, wherein the ferro-
magnetic pinned structure of a memory cell extends hori-
zontally and 1s magnetized in a first horizontal direction, and
an axis of the free structure extends horizontally and the free
structure 1s selectively magnetized in eitther a first or second
circumierential direction.

34. The memory device of claim 30, wherein the ferro-
magnetic free structure has a tube-shape.
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